The distribution of body surface potential was studied in normal dogs by time normalization of nonsimultaneously recorded voltages from 200 thoracic electrocardiograms using a digital computer technique. In addition, ventricular excitation data were obtained in the same animals using Scher myocardial plunge electrodes. Subsequently, the external surface voltage distribution was correlated spatially and temporally with the process of ventricular activation. It was noted that "dipolar" and "nondipolar" surface voltage patterns were related to the configuration of the instantaneous activation distribution in the ventricles. The reproducibility of the data obtained from the body surface and within the ventricles, and the observed consistent correlations between these two events indicate that there is a predictable relationship between major "inside-outside" activities.
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• A major objective of electrocardiography is to determine from surface leads information regarding the process of ventricular excitation. The extent to which the sequential and distributive nature of this electrical activity can be deduced from information present at the body surface is unknown. Such information would necessitate detailed investigation of the heart's activation together with extensive surface mapping in the same subjects. Correlative studies of this type have not been done; however, the "complete" distribution of surface voltage has been recorded from multiple thoracic leads and dis-played as isopotential maps.
1 ' 2 Using this technique, Taccardi, 8 ' 4| 6 and Horan and coinvestigators, 8 have demonstrated the presence of multiple potential maxima and minima over the body surface in dog and man. The surface representation of the heart's electrical activity can be described as bipolar* or multipolar depending on the interval of excitation that is considered.
Of the various reasons postulated to explain the presence of a multipolar distribution of body surface voltage, the following two factors appear to have an experimental basis for consideration: (1) distributed cardiac generator activity in which the source-sink
•The terms bipole and bipolar are used to denote a spatial distribution within or at the surface of a volume conductor, characterized by a single maximum and minimum of potential. Multipolar refers to multiple surface maxima and minima or marked irregularity of isopotential contour characterized by pseudopod formation. The terms dipole layer, activity, and electromotive surface denote the activation fronts within the heart.
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boundaries are located at variable distances from the torso surface reference points where potential is recorded; and (2) inhomogeneous conductivity and anisotropy. Of special significance are the investigations of Taccardi 8 ' *• s and Horan et al., 6 which have suggested that surface multipoles appear to correlate with the presence of multiple dipole layers in localized areas of the myocardium, as described by Scher and Young 7 and Durrer et al. 8 Thus, these studies represent a major achievement toward a solution of the characteristics of the excitation process by using surface information derived from multiple chest leads. However, the recent observations of Gelertner and Swihart 10 and Hamer and co-workers 18 that complex surface potential distributions could be produced by a single dipole generator positioned within an inhomogeneous volume conductor, and the findings of myocardial anisotropy by Rush et al. 11 indicate that conductive inhomogeneity must be considered in interpreting surface voltage data.
The present investigations were undertaken to relate the complexity and spatial distribution of body surface potential to the electromotive activity within the cardiac generator. The initial objective was to correlate instantaneous "snapshots" of the surface voltage distribution with the electromotive double layer distribution in the heart for several key instants of ventricular excitation. It was anticipated that this would provide information regarding the genesis of body surface multipoles. Also, the surface and excitation data were simultaneously examined over a time course by sequential inspection of the instantaneous "snapshots." The purpose of examining the data in time was to compare the progress of surface potential distribution with the changing generator configuration in the ventricles.
Methods
METHODS FOR DETERMINATION OF BODY SURFACE VOLTAGE DISTRIBUTION
Six mongrel dogs weighing 16 to 20 kg, under pentobarbital anesthesia, were placed in a supine position. With the use of an Ampex DAS-100 system, six tracings from the body surface were simultaneously recorded; one reference electrocardiogram (Lead II) and five thoracic tracings were obtained using a common reference point (left hind limb). A grid system was constructed on the chest (Fig. 1) , for recording from 200 separate points over the thorax. Two-millimeter needle electrodes were used for insertion at the points of intersection of the lines of the grid. After a block of five points was recorded simultaneously, the electrodes were moved to five new points which, in turn, were recorded simultaneously with die reference tracing. This procedure was repeated until all points were explored.
The recording system included lead isolation through a buffer system (cathode followers with unity gain). All data were recorded on magnetic tape at a speed of 15 inches per second and the entire system had a frequency response flat to 5,000 cps. The seventh channel of the tape was utilized to record the output of a time code generator. While the data was recorded on tape, the tape output was fed simultaneously to a Honeywell Visicorder oscillograph for a readout in analog form to edit the data for digital computer analysis. Respiration was monitored with the use of a Sanborn thermister and only those beats which occurred during the expiratory pause were analyzed.
Data editing was performed by review of the photographically recorded tracings. By reference to the time code, selected complexes could then be processed automatically for input to an IBM 7072 computer with the use of an AIL analogto-digital converter at a sampling rate of 926 samples per channel per sec.
The logic of the digital computer program was designed to identify the QRS complex of the reference tracing (Lead II) utilizing the methods of Caceres and co-workers. 12 The peak of the R wave was localized within QRS and then utilizing this point for time localization, voltage in all of the tracings was measured in reference to the baseline (P-R segment) at 1.08 msec after the completion of QRS. The final output of the computer was presented in a format of voltages for all of the 200 surface points, at the specified intervals, related in time to the peak of the R wave in Lead II. Repeated measurements indicated that the time localization of each interval relative to the peak of R of Lead II was accurate within ± 2 msec. The computer voltage measurements were checked with visual-manual determinations and showed excellent agreement.
These data were then utilized to construct isopotential maps of the body surface-voltage distribution during various intervals of QRS, as described by Taccardi 3 and Horan, et al. 6 In 3 animals, the exploration was repeated and the agreement between the first and second studies was excellent. Horan and co-workers 13 have emphasized that artifacts must be carefully considered in interpreting this type of data. Repeated examination of photographically enlarged records indicated that the noise level of the tape recorded data was consistently below 0.24 mv. In addition, the use of magnetic tape and analogto-digital conversion at a sampling rate of 926 samples per sec tended to eliminate artifacts due to nonsimultaneous sampling of low amplitude wave forms as suggested by Horan et al.
VENTRICULAR ACTIVATION METHODS
Two weeks following the recordings of the distribution of the body surface potentials, each animal underwent detailed ventricular activation Cimdttion Rtimrcb, Vol. XJX, Stpttmbn 1966 studies utilizing Scher electrodes 7 with 30 to 40 insertions per heart. The methods employed for these studies have been described previously. 
CORRELATION OF THE EVENTS OF VENTRICULAR ACTIVATION WITH THE DISTRIBUTION OF THE BODY SURFACE VOLTAGE
Correlation of the events of ventricular activation with the isopotential maps for various instants of time throughout QRS was performed in the following manner. (1) Local activation times of specific myocardial areas were measured with respect to the peak of the R wave in Lead II. B.
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methods. Additionally, biplane cineangiocardiograms were performed to determine the anatomical position of the heart in reference to the chest surface (Fig. 1) . Thus, a correlative study could be made with respect to the spatial sequence of ventricular activation and the spatial distribution and change of the body surface voltage.
Results
The surface maps in all animals demonstrated consistently that multiple maxima and minima were present over the body surface during the QRS interval as shown by Taccardi 3 and Horan et al. 8 Because the data from the various dogs showed general agreement in the relationship of the events of ventricular excitation to the distribution of the body surface potentials, these correlations are presented for 1 animal in Figure 2 . The relationship of the heart to the thorax and surface map is illustrated in Figure 2 A. Correlation of ventricular excitation with the instantaneous isopotential distribution. In A, the dog's heart is viewed frontally, and as indicated in Figure 1 The results at eight different times between 7 and 35 msec were as follows. 7 msec (Fig. 2 B, 1 ): There was activity spreading outward from the left septal and right ventricular free wall endocardium which was directed ventrally and upward. The surface map in this dog demonstrated two anterior, superior maxima and a single lateral, inferior minimum. In other animals a single maximum was noted at this time.
10 msec (Fig. 2 B, 2 ): Excitation had broken through at the epicardium resulting in an "opening" in the electromotive surface over the ventral aspect of the right ventricle. The complex, multipolar potential distribution noted here correlated with this closely positioned source-sink configuration.
14 msec (Fig. 2 B, 3 ): During this phase of ventricular activation, the predominant generator activity was circumferentially distributed about the cavity of the left ventricle, closed at the apex and open at the base. Although the closely positioned "opening" in the boundary of activity located in the right ventricle was even larger than at 10 msec, the body surface voltage was more symmetrically distributed than during that previous instant because of the orientation of the predominant generator activity at this time.
20 msec (Fig. 2 B, 4) : The generator configuration at this instant exhibited less circumferential activity about the left ventricular cavity. Also the sink or opening in the proximal surface of generators had enlarged due to continued epicardial breakthrough. The resulting surface-potential distribution was more "non-dipolar" than at 14 msec and resembled Circulation Rtsurcb, Vol. XIX, Stpumitr 1966 the multipolar distribution observed at 10 msec. However, the relative positions of the multipoles had changed reflecting the extent of progression of epicardial excitation.
25 msec (Fig. 2 B, 5 ): Subsequent to the termination of considerable opposing excitation in the ventral septum, right and left free walls, the activity in the posteriorlateral left ventricular wall (inferior positioned) predominated. There was "disappearance" of the right, presternal maximum, and the left anterior maximum which had previously been anterior, moved inferiorly. The boundary of activity in the lateral wall of the left ventricle correlated closely with the position of the null line over the dog's left lateral chest, and the pseudopod-like irregularity of the surface potential contour reflected the irregularity of this proximally positioned source-sink boundary. The division between the double minima over the anterior, superior thorax correlated with the position of the boundary between active and depolarized tissue at the epicardium of the right ventricle. This division corresponded closely to the "saddle" described by Taccardi 4 in his human studies and represented a relative maximum.
30 msec (Fig. 2 B, 6 ): The boundary between depolarizing and depolarized tissue progressed laterally and dorsally over both right and left free walls and correlated with position of the posteriorlateral maxima observed bilaterally in the dog at this instant.
33 msec (Fig. 2 B, 7) : A more basal plane through the heart is used to depict the dorsal (basal) location of the remaining boundaries of activation. The predominant activity was located in the basal region of the left ventricle and oriented directly away from the anterior thorax and there was no ventricular activity recorded near the lateral epicardium. The surface potential was quite bipolar at this time (in this dog).
35 msec (Fig. 2 B, 8) ; An extreme dorsal plane, viewed from below, is shown to illustrate terminal excitation at the base (inflow region) of the heart. With waning bipolar effect due to activation of the basal left ventricle, a secondary minimum appeared on the precordium which was correlated in time with the depolarization of the upper septum.
Discussion
Multiple maxima and minima of potential were recorded from the dog's thoracic surface during much of the total period of ventricular excitation. Also, the irregular contour lines and pseudopods which were present were frequently noted to give rise to multipoles if successively followed in serial maps.
Although the data presented in this report must be considered with regard to the lack of information concerning heterogeneity* and anisotropy, it is concluded that the distribution of the activity in the ventricles was a key factor in the characteristics of the surface potential. The proximity of the ventral and lateral aspects of the ventricles to the front and sides of the dog's torso causes the "opening" in the electromotive surface in these myocardial structures to be in close apposition to the trunk. Because of this close geometric relationship, the currents due to epicardial breakthrough result in surface multipoles. The distribution of these multipoles and current on the body surface from one map to the next reflects the instant-to-instant position of the source-sink boundary at the ventral epicardium. Figure 3 illustrates this intrinsic (activation)-extrinsic (surface potentials) relationship for 1 dog at 22 msec of depolarization. Note that the double minimum is closely related to the opening in the surface of excitation at the ventral epicardium resulting from epicardial breakthrough. This concept was postulated by Taccardi 4 and is demonstrated by this correlation. In each
•Heterogeneity is not considered in this report. However, there have been several studies of the effect of conductive inhomogeneity on the field produced by the heart's excitation. The work of Gelertner and Swihartw. « and Hamer et alM indicates that the body's heterogeneous conductivity characteristics significantly modify surface potentials. Brody 17 and Horan et al. 18 have emphasized the influence of a high conductivity region, such as the cavitary blood, on surface voltage. Bayley and Berry 19 have treated the problem of multiple realistic boundary conditions using the average resistivity values for jiving tissue determined by Rush et al.
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FIGURE 3
The basis of body surface multipoles. dog studied the surface reflection of initial epicardial breakthrough was somewhat different and varied from a frank "bi-dipolar" effect with two maxima, to an initial irregularity of contour progressing to pseudopods and finally multipoles. Furthermore, it was observed that the degree of irregularity of surface voltage depended on the global configuration of the generator activity. For example, at 14 msec in this dog (Figure 2 B, 4) the boundaries of excitation formed a circumferential "cone" about the left ventricular cavity. This "cone-like" generator configuration with the opening directed toward the dog's back causes a strong bipolar effect. This bipolar saturation of the surface voltage tends to smear out the multipolar effects.
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By sequential inspection of Figures 2 B,  1-8 , the major components of surface potential (i.e., the principal maximum and minimum) can be observed to move through a preferential plane. It has been demonstrated that this preferential distribution-time course of the surface voltage is the result of a ventricular activation program in which the predominant generator components are symmetrically oriented and coplanar throughout excitation. 20 The presence of additional "nondipolar" potentials which are distributed over the body, in which the distribution changes with time, extends the informational content of the surface voltage. Since most of this multipolar effect results from the "opening" in the activation front at the ventrolateral epicardium, the sequence of epicardial excitation can be partially deduced by serial analysis of a set of surface maps.
